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(54) Title: SELF-CLEANING GLASS AND METHOD OF MAKING THEREOF 
(57) Abstract 

A self-cleaning glass, usable, for example, as a window or windshield, coated with an optically clear and abrasion resistant fibn 
comprising a photocatalyst is fcnmed on common glass by depleting alkali metal oxides from the glass and/or by fonning a barrier to the 
migration of such oxides from the glass into the photocatalyst-containing coating. Upon e}q)osure to light absoibed by the photocatalyst 
and in the presence of air. tiie film strips grime and contaminants from tiie glass surface. 
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SELF-CLEANING GLASS AND METHOD OF MAKING THEREOF 



Field of Invention 
This invention relates to the photocatalytic oxidative stripping of organic 
5 contaminants from the sur&ce of glass and the process of making such photocatalytic 
glass. 

Background of the Invention 

It has been kno\vn for some time tiiat photocatalysts, particularly titanium 

1 0 dioxide in the anatase phase, accelerate the air-oxidation of organic compounds upon 
exposure to light, usually ultraviolet, absorbed by the photocatalyst. See, for example, 
Photocatalytic Purification of Water and Air, D.F. OUis and H, Al-Ekabi, eds., 
Proceedings of the First International Conference on Ti02 Photocatalytic Purification and 
Treatment of Water and Air, London, Ontario, Canada, 1993, Elsevier, Amsterdam. The 

1 5 major sections of the book describe the theory and fundamentals of titanium dioxide 
(TiO^ photocatalysis, photocatalyzed water and air treatment, reactor design and 
photocatalytic oxidation process economics. In all ofthese applications the photocatalyst 
is bound to a ceramic substrate to which it adheres. For example, on page 123, R. W. 
Mathews describes TiOj coated glass mesh and Ti02 coated glass tube-based 

20 photoreactors. Anoth^ reactor with a Ti02 coated glass tube i3 described by T. Ibusuki et 
al. on page 376. The photocatalytic films described were all light scattering, as they were 
made of photocatalysts such as Degussa P2S, e.g., with an abundance of titanium dioxide 
particles approximately 0.1-0.3 microns m diameter. This particle size, even in the 
thinnest films, produces a milky appearance. Such light scattering fihns are not efficient 

25 or useful in applications such as clear, self-cleaning glass surfaces for windows and 
mirrors. 

It is also known that clear and adherent, non-light scattering Ti02 fihns can 
be made. Such known films are applied to optical lenses of optical instruments to provide 
scratch resistance and are also implied in anti-reflective optical coatings, usually by 
30 reactive evaporation or by reactive sputtering of titanium in an oxygen-contaimng 
atmosphere. Such coatings can also be made by applying a solution containing a 
precursor of a photocatalyst, e.g., Ti02, to a glass sur&ce, forming a precursor film and 
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heating toahigh temperature Where orgamcmattermthep^ 
TiO^isciystallized Hov^er, (m substrates consisting of glasses c(«n^^^ 
about 10% by wdght of combined alkaUmetaloxides.partiadarlysodium^^^ 
and potassium oxide (K,0). these films are poor photocatalysts. i.e.. vA^ exposed to 
sunUght in air they do not oxidize oigamc contaminant at a rate adequate to m^ 
dcanglasssurfec^ Forexample. coated with a fihnofstearic acid, they oxidize it 
under 2.4 mWcm"^ 365 mn inadiance at a rate of 4mn per hour or less. i.e., reduce the 

thickness of the stearic acid fihn by less ttan4mn per hour. Under the same conditiom^ 
good photocatalyst strips a film of stearic acid at a rate of about 20nm per hour or more,' 
i.e., reduces the thickness of the stearic acid fibn by about 20 mn per hour (or more). 

It has now been found that migration of sodium into the photocatalytic 
fihn. (e.g., leaching out of common soda lime glass), particularly during the formation of 
the fihn fiom precursors, results in severely reduced activity of the photocatalytic fihns 
and reduced photocatalytic efficiency of self-cleaning glass. It would be 
advantageous to provide a means for reducing the deleterious effects of migrating alkaU 

metal oxides and/or sodium on fliephotoactivity of self^leaning, photocatalytic film- 
coated glasses. 



Summary of flie Invention 
We have discovered a barrier to thb migration of alkaU metal oxides fiom a 
glasssubstmtemtofliephotocatalytictoatingtiiatistiun.yeteffective. litis barrier layer 
slows or blocks the migration of alkali metal oxides mto die photocatalyst layer during its 
formation fiom a precursor and also after its formation fiom the precursor. 

preferred barrier is fimned by first introducing into the near surfece 
region of die glass to be coated, protons. i.e. hydrogen ions, by exchangmg alkali metal 

ions withprotons of an acid and/or by hydrolyticcleavageofsilicon-oxygen-sificon bonds 
witii an add, in a process called "acid etching" or simply "etchmg". Hie hydrogen or 
proton^ntaining glass layer is tiien reacted with a precursor of an oxide of a four-valent 
element, preferably a precursor of crystalline titania or zirconia comprising inorganic 

oxide. In thisprocess,athin, sodium-migration bloddnglayercomprisingtitanimn. 
siUcon and oxygen and/or zirconium, siUcon and oxygen is fomed. 
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A sodium migration blocking layer is also formed when the proton or 
hydrogen-containing glass (acid glass), is reacted with a precursor of silica, A preferred 
process of forming the acid glass layer includes etching with acid, most preferably boiling 
in 9 M sulfuric acid. The sodium migration reducing barrier layer is preferably formed 

S upon heating the acid glass with a precursor of titania, and/or zirconia to a temperature in 
excess of about 300°C and less than about 500**C and preferably about 400**C. 

The photocatalytic activity of a formed, optically clear Ti02 layer on glass 
is also enhanced by treating the Ti02 coated glass with a material ftat reacts with sodium 
oxide, particularly with a dilute acid that does not dissolve Ti02 in the form in v^ch it is 

1 0 included in the coating. In general, the anion of an acid that does not dissolve Ti02 does 
not form a strong complex with four valent titanium. These types of acids include protic 
acid, Lewis acid and Bronsted acid, and can be in liquid or gas form. For example, nitric, 
perchloric, and tetrylfluorboric acids are useable in the invention, as they are not known to 
form complexes with four valent titanium. Chlorides, fluorides and sulfates are generally 

1 5 not useable in the invention because they are known to strongly complex with titanium 
(IV)- 

The imposition of a sodium migration blocking layer on the sur&ce of a 
sodium containing glass, e.g., common soda lime glass, assures formation of the desired 
photocatalytic anatase phase by prohibiting migration of sodium from the glass and into 

20 the precursor of the photocatalytic film. This barrier also reduces sodium contamination 
of the anatase phase that lowers the photocatalytic activity. A particularly usefiil sodium 
migration blocking layer is formed by applying a fihn of an organotitanate that 
decomposes upon heating in air, a nascent, yet non-oystalline precursor of anatase Ti02, 
and reacting the precursor with the sodium-depleted acid glass prior to final calcining of 

25 tiie coated glass and at an elevated temperature, preferably about 450°C. After final 

calcination, a transparent, non-scattering, adherent nanocrystallme photocatalytic oxide 
film is produced, with a distinct, sodium migration-blocking interface between the glass 
and the photocatalytic fihn. 

The photocatalyst coated glass of the invention, when exposed to 

30 ultraviolet light, efficiently cleans itself of organic contaminants. This photocatalyst 
coated glass of the invention is particularly useful in applications such as 
photocatalytically self-cleaning windows, windshields and mirrors. 
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Aised silica. 



Brief Description of the Figures 
Figure 1 is a giaph shoxving the UV absoiption spectra of TiO, films on 

Figure 2 is Fim spectia of stearic acid coated on clear 
fusedsUicapriorto (dotted line) and after (solid line) exposure to 
minutes. 

Figure 3 is a graph shovong tiie UV absoiption spectra of TiO, films on 
etched (dashed line) and on non^hed soda lime glass (solid line). 

Figure 4 is a gi^h shoAving the effect of the calcination temperature on 
UVA. ,.e.. near UV, photoactivity of clear fihns of titanium dioxide:(A) Two layers of 
T.0, on fused siUca, (B) Two layers of TiO, on etched glass, (Q One layer of TiO, on 
etched glass. (D) One layer of TiO, on one layer of ZrO, on etched glass. 

Figure 5 is a graph showing the effect of etching duration on the 
photoefBciency of clear TiOa fihns on soda lime glass. 

DetaUed Description of the Preferred Emboflimeiit 

The invention is directed toward selfnileaning glass and methods of 
making the same. Photocatalyticfihns can fomi the basis for self-cleanmg or 
Photooxidatively cleaning glass, useful, for example, as self<leanmg window^ mirrors 
opt,calcomponents.eyeglasslenses.andautomotivewmdshields. Whenusing 
photocataIystfihns.e.g. TiO^mtheseappUcations. the following shouldbeopt^ 
the absence of scattering of visible hght: abrasion resistance to an ex^ 
typically notdamaged^^encleanedorv^enimpactedbydustpart^^^^^ 

photooxidationrateorefficiencymordertomamtamarelativelydeanglasss^^ Tte 

coated self^leanmg glasses of themventionprpvideanabrasionr^^ 
optically dear, self-cleamng glass. 

Deposition of organic conlammants on glass usually reduces visibility 

Furthem^. Ught particularly fiom headlights of oncoming cars and fiom the sun when 
the sunislowonthe horizon, interferes with drivu^ when the ^dsMeldisconta^ 
Fihrn of organic contammants smeared on the windshield by wipers operating in rain also 

addtotheha2ardofdriving.Lightscatteredtocontaminantsonoutsideorh^^ 
rearviewmhrors of cars unpairsvisibiUtymthese minors. Dirt or fingerprints on letujes 
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or eyeglasses impair vision. The inventive films maintain surfeces clean of organic 
contanunants. Inorganic, non-oxidizable contaminants are readily removed by being 
blown or washed off, once the organic matter that makes them stick to the glass surface is 
oxidized. 

5 The most preferred method for prq)aringphotocatalytic glass is by acid 

etching the glass followed by application of the photocatalyst composition and then 
calcination. 

PhQtocatalyticrflm 

1 0 The photocatalytic fihn coated glasses of the mvention, e.g. containing 

photocatalytic particles and adherent to glass, are optically clear. They may have a tint or 
color, but do not absorb or scatter visible light so as to impair visibility through the glass 
or cause severe glare. The photocatalytic films also adhere to glass and resist abrasion. - 
An inventive fihn adhering to glass cannot be removed by pressmg adhesive tape against 

15 it, as discussed below in Example 1 , and r^idly pulling on it (Tape Test). An abrasion 

resistant film of the invention is not damaged when cleaned with wet or dry ps^er or cloth, 
and it typically is not scribed by a poicil of H2 hardness or softer. In general, the 
photocatalytic film is formed of photocatalytic particles, e.g., Ti02, cast onto acid glass 
and calcined for specific adherence to the glass. 

20 The photocatalyst-containing fihns of the invention contain a material that, 

upon e}qx}sure to light, particidarly UV light, accelerates the oxidation in aur of organic 
compounds absorbed or deposited on die film. One example of such a fihn is a fihn 
containing crystalline, preferably anatase, titanium dioxide. The fihn is well bound to 
glass in the present invention, generally through an intermediate barrier layer that prevents 

25 migration of alkaU metal oxides, e.g. sodium, yet is transparent to visible Ught. 

Glass 

The glasses useful in the present invention have varied compositions. The 
most commercially unportant and most common glasses comprise sodium and calcium 
30 ions and have a network formed of bonds of silicon and oxygen atoms. 

The self-cleaning glasses of this invention are usually photocatalytic fihns 
cast on common glass, which is formed of silicon dioxide, alkali metal oxides (oxides of 
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as carbon-rich organic films, 
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their sulfides and oxides; compound oxides such as (SrTiOj) or CaTiOs, and TiOa in the 
rutile phase or in tfie mixed anatase and rutile phases. While a preferred photocatalyst, 
titanium dioxide, is exemplified herem, it is understood that other photocatalysts, e.g., 
those described above, forming clear films on glass may also be used. 

S Titanium dioxide in the anatase or the rutile phases has an index of 

reflation of visible (yellow) light greater than about 2.4. Coating of photocatalyst films 
on glass havmg a low refinactive index, e.g., soda lime glass which has a refiractive index 
below 1 .6, causes an increase in the refiractive index. In the specific case of automotive 
windshields such an increase can be undesirable, because as the angle betwem the 

10 dashboard and the windshield is reduced or the index of refi:action of the windshield is 

raised, the reflected image of the dashboard becomes visible to the driver looking through 
the windshield. Such reflection is reduced by forming the photocatalytic fihn of a 
combination of the photocatalyst and a material having a lower refiractivcindex than that 
of the photocatalyst An example of such a fihn is one comprising non-crystalline silicon 

15 dioxide (SiO^ and anatase or rutile Ti02. By way of example, if the fihn contains up to 
90 weight% Si02, then the mdex of refi^action, m the visible, is only about 1 .46. (As 
compared with 2.4-2.7 in the absence of Si02.) 

20 In &e present invention, a photocatalyst precursor is generally a fihn 

formed of a non-crystalline, three, four, or five-valent element, preferably of an oxide of 
such an element, which fikn forms an active photocatalytic film, eg., on calcining in ak. 
The oxide is non-volatile at about 600*^0, and the preferred three, four, or five-valent 
elements are titanium, tin, tungsten, or molybdenum. Most preferred is Ti^**". 

25 The photocatalyst-precursor films can be formed by their deposition fiom a 

liquid phase, or from a vapor phase. Useful photocatalytic precursor compositions include 
alkoxides, halides and oxyhalides of titanium, tin, tungsten, or molybdenum, e.g., a 
titanium tetralkoxide. A most preferred photocatalyst precursor is a fihn formed upon 
partial hydrolysis of titanium tetraalkoxide, followed by polymmzation by condensation 

30 ofthehydrolysate. 

Wh^ a photocatalyst-comprismg fihn having a lower refiractive mdex than 
that of the photocatalyst itself is desired, for example for use in automotive windshields as . 



3 
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sol is dissolved or dispersed comprises alcohol in excess. Alcohols such as n-propanol, 
methanol, and butanol are useable. 

A film of this liquid is applied to the glass surface, preferably to acid or 
etched glass, formed by acid etching (boiling in 9M sulfuric acid). The volume applied 
S and the concentration of the precursor are selected so that ihc final thickness of &e 
photocatalyst-containing layer will not be less than 1 Qnm nor more than SOOnm. The 
preferred final thickness is 20-20Qnm. The film can be formed by known methods, such 
as spraying microdroplets ^^^e the glass is cold or hot; dipping the glass in the liquid 
flien removing it; pouring the liquid onto iho glass and leveling the liquid layer 
1 0 mechanically or by spinning. 

The film can also be fonned by other methods, including a dry process, 
such as sputtering or evaporating a metal and then oxidizing it; or by reacting a low 
molecular weight molecular or metallic precursor in the gas phase prior to its deposition 
on the glass. For example, a titanium tetraalkoxide can be evaporated and decomposed 
1 5 either en route to or on the surface of the glass. TiCl4 can be reacted with water to form 
Ti02 en route to the surface. In addition, metallic Ti can be reactively sputtered in an O2 
containing atmosphere to form a Ti02 film. 

In contrast to prior attempts at coating common glass, relatively active 
photocatalytically self-cleaning films are formed on common window glass (soda lime 
20 glass) when the glass sur&ce has been treated wi& a reactant that produces a hydrogen- 
containing acid glass by exchanging sodium ions with protons and/or by hydrolysis of 
Si-O-Si bonds, bo& of v^ch may occur upon acid etching. When materials such as 
sodium oxide in the glass diffuse into part of Ihe photocatalytic film layo: near the glass, 
phases other than the desired crystalline photocatalyst phase form, and the desired 
25 crystalline phase can become excessively sodium-contaminated. As a result, some of the 
photoactivity of the film is lost. Reactants that are useful in exchanging sodium ions or 
other alkali metal ions of the glass at or near its surface (by protons) and thus increase the 
photocatalytic activity of the coated glass, are generally acids. When the acid glass reacts 
with a precursor of the crystalline Ti02, Zr02 or Si02 film, a sodium migration reducing 
30 barrier layer is formed. Even in the presence of this barrier layer, some photoactivity of 
the crystalline titanium dioxide-comprising films on glass is still lost when sodium oxide 
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can be fonnecl, for example, fix)m a titanium tetraalkoxide, such as titanium 
tetraisopropoxide. The tetraalkoxide is first reacted in an alcohol solution, preferably in an 
excess alcohol, and preferably in an alcohol solution \^diere the alcohol differs &om the 
one that is evolved from the tetraalkoxide upon its hydrolysis. Although the sol can be 

5 formed by adding water to the titanium tetraalkoxide solution, in the piefened process the 
titanium tetraalkoxide is first reacted witii a bifiinctional Ti^**^ complexing agent, such as 
acetylacetonate, to form a complex where the titanium to acetylacetonate ratio is 1 : 1 . 
This complex is then hydrolyzed, preferably at room temperature, by adding water 
(preferably dissolved in alcohol), preferably at a molar ratio of 10 moles of water per 1 

10 mole of titanium. The resulting precursor sol is generally stable, meaning that when 
stored for at least a day at a temperature between 5^C and 35°C the solution remains 
substantially clear. 

A uniform film of the photocatalyst-containing compounds is cast on tiie 
glass through a process such as spinning, dipping, painting, spraying or applying an 

1 5 excess of solution then spreading it with a blade. The cast film is then allowed to dry. 

Calcination 

The dried-fihn coated-glass is next calcined, e.g., heated at a temperature to form 
photocatalytic crystallites and cause the photocataiyst layer to adhere to the glass. 

20 Calcination is preferably by heating in air at a rate resultmg in a temperature increase of 
SO^C per mmute, then holding at tiie desired calcining temperature, preferably for about 1 S 
to 30 minutes. The coated glass is th«i cooled. At this point, this glass is 
photocatalytically self-cleaning within the scope of the invention. 

The calcination temperature is generally in excess of 275°C and less than 

25 650°C, and preferably is in the range of 400*^0 - 650°C. For calcining fihns on glass, tiie 
most preferred temperature is in the range of 400-550°C; for films on silica, the most 
preferred range is 550-600°C, 

Aff d W^sh - Fost Treatment 
30 The photocatalytic activity (i.e. the rate at which the glass cleans itself of 

an organic contaminant) of the already photocatalyst-coated glass can be fiirther increased 
by a second treatment, termed "post-treatment", vsdtii acid. Post-treatment, even in the 
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EXAMPLES 

The invention may be further understood by reference to the following 
examples, Avhich are not intended to limit the scope of tiie invention in any way. 

S Example 1 

Preparation of clear photoactive films of titanium dioxide 
on fused silica slides by spin coating 

Clear, spproximately 60 nm thick fihns of titania were produced on fused 

1 0 silica by a sol-gel process. The sol was made of a precursor solution prepared by miviTig 
4.5 mL Ti(OCH(CH3)2)4, (97% m propanol) witii 10.0 mL n-propanol and 1.6 mL 
acetylacetone (acac) to provide a stock solution having Ti:propanol:acac molar ratio of 
about 1 :9: 1 .05. After aging for a week at room tempemture (about 20°C - 25°C), a casting 
solution was prepared by mixing 1 .0 ml of the precursor solution with a 1 .8 ml water/n- 

1 5 propanol solution (1:9 v/v), the resulting water to titanium ratio bemg about 11:1. A clear, 
yellow casting solution, stable for at least two months and having a viscosity of 2.3 cp was 
obtamed. Viscosity was measured using a falling ball type viscometer. 

Prior to casting, the fiised silica slides were rinsed in a cleaning solution 
(usually methanol), washed thoroughly with de-ionized water, and dried in a stream of air. 

20 The casting solution was then spread on the substrate (0.03 mL per 2.5x2.5 cm slide) 

v^ch was spun, after the application, for 2 mmutes at 4000 rpjn to dryness. In the next 
stage, the coated silica slides were heated in air to SOO^C at a rate of 50^C min'' and were 
calcined at this temperature for 30 minutes. The calcination transformed the product of 
the hydrolytic reaction into a microcrystallme oxide, stripped all organic residues, and 

25 bound the Ti02 fihn to the substrate. Multiple Ti02 layers were produced by applying a 
layer, drying in an oven (90**C, 10 minutes), applying another layer and finally calcining. 

The process yielded imiform, clear and non-scattering fihns, as measured 
with a HP 8452 A spectrometer (Figure 1). Comparison with the UV absorption 
spectrum of "milky" film coatings made of larger particles (Degussa P-25) revealed that 

30 the absorption edge of the clear films was shifted by 30-40 nm to the blue, as expected 
for nanoparticles in which electrons are confined. 

The thickness of the films, 60±1 5 nm for a one layer film, was 
determined wi^ an Alpha step 200 profilometer (Tencor Instruments). Transmission 
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electron diffiaction patterns and images of the diin fflms were obtained using JEOL- 
1200EX and JEOL-2010 microscopes. For these measurements, the fflms were 
detached from their supports by pressing 200 mesh copper grids against the films >vhfle 
boihng in potassiumhydroxidesolution(6M)JoUowing by thorough wash^^ 
gndswithwatertoremoveanypotassiumresidues. Hie election diffiaction ring 
patterns obtained by this method were indexed as that of TrOz in the anatase phase and 

the dark field imaging suggested that the crystamtes were segmented, withatypi^ 
segment being approxhnately 3 nm in diameter. 

nie resultant fihns were not damaged ^en v^dped aggressively with any 
of several types of paper, mcluding "Kimwipe", ofBce copying machine paper, and 
newsprint, viiether dry orwet Furthemiore, the fihns could not be removed by 20 
successive appUcations and removals of Scotch® adhesive tape (3M-810). nor damaged 
when scribed with pencils of hardness H2 or softer. 

Hie photoactivityofthe various coated sUdes was tested by casting thin 
films of stearic acid (CH3(CH^,,C00H) on the TiO^^ated substrates and measuring at a 

defined irradiance the rate of decrease in theintegratedabsorbance of the ens^ 
C-H stretching vibrations between 2700 cm'' and 3000 cm*'. 

The measurements were paformed on batches of 8-12 sUdes. Hie 
organic fihns were cast by applymg 3x10-2 ml of 8.8x1 0-3 M stearic acid in methanol 
per slide and spuming at 1000 rpm for 2 minutes to dryness. TTie integrated IR 
absorijance of the stearic acid fihns was measured by aNicolet Magna IR-750 FTIR 
me actual number of stearic acid molecules on the surface was calculated based on the 
mtegrated absorbance of densely packed monolayers of homologs having a known area 
per molecule (such as octadecyl trichlorosilane, arachidic acid and behenic acid). A 
typical stearic acid fihn had, prior to illumination, an integrated absori,ance of 0.6 cm-1 
corresponding to ~1.9xl0l5 molecules cm-2 . 

The UV light source for the photoefficiency measurements was either a 
UVA wide band lamp, tiie peak emission bemg at 365 mn (Hideaway 6000 Solarium, 
Helitron Ltd.) or a 254 mn lineHanitting mercury lamp (Sylvania 030-0). The 
inadiance. measured at the sUde surface, was 2.4 ± 0.4 mW cm-2 for the UVA source 

and0.8i0.15mWcm-2fortiie254mnsoun=e,correspondmgtorespectivefluxesof 
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4.4x10^5 photons sec*l cm'2 and 1.0x10^5 photons sec"l cm"2. These fluxes resulted 
in photocarrier generation rates differing only by a factor of 1 .3, because of the large 
fraction of 254 nm UV photons absoibed in the 60 nm thick fihns in comparison to the 
lower fraction absorbed at the longer wavelength. The values given for the irradiance 
5 are the average between the readout of a JBAIOO power meter and a second 
measurement by a well known photochemical method, potassium feirioxalate 
actinometry. 

Within the context of this application, the photoefliciency is defined as 
the number of carbon - hydrogen bonds of stearic acid stripped from the photocatalyst 
10 surface per incident photon, dAxKxN/f, where dA is the change in the integrated IR 

absorbance of the C-H vibrations of the stearic acid per minute; K is the number of C-H 

bonds in a stearic acid molecule (35); N is the number of stearic acid molecules per cm^ 

per integrated absorbance unit, having a value of 3.17x10^^; and f is the irradiance 

(2.6x 10^7 photons cm'2 minute"! for the UVA source and 6x10^^ photons cm"^ 

15 minute"! fo^ i^e mercury lamp). 

The integrated absorbance of the organic contaminant's infrared C-H 
stretching vibrations was measured as a function of the exposure time. Figure 2 
presents the FTIR spectra of a Ti02 film on silica contaminated with stearic acid prior 
to and after exposure to the UVA light for 7.5 minutes. In general, the rate at which the 

20 stearic acid fibn was stripped remained constant during the exposure, as long as a 
continuous stearic acid film remained on the surface of the photocatalyst Thus, the 
efficiency of the photoreaction was generally independent of time, remaining constant 
throughout the reaction period. Table 1 presents tiie integrated absorbance of stearic 
acid on silica coated with the photoactive Ti02 films following illumination with the 

25 UVA light. The eflFiciency in the table was calculated based on the change following 7.5 
minutes of illumination. 

The photoefficiency of a fused silica substrate coated with a single layer 

of Ti02 fihn was between 14x10"^ and 21xl0"3 upon illumination with the UVA light 

and between 45xl0'3 and 81xlO"3 upon illumination with the 254 nm light, the ratio 
30 between efficiencies being scaled with the ratio in the number of photons absorbed per 
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cm2 per second at each wavelength. Values, averaged 
presented in table 2. 
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Table 1 : Changes in the integrated absorbance of the FUR C-H sireicn band . 
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^foi'.? of C-H bonds consumed per impinging photon) of 

etchmg of the substrate upon the efficiency. The values are averages for 20-30 Lples. 
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Example 2 

Preparation of clear photoactive films of titanium dioxide 
on soda lime glass slides by spin coating 

5 Clear, photoactive films of titanium dioxide were produced on soda lime 

glass (Coming 2947, composed of 0 (60 atom%), Si(24.5 atom%), Na(10 atom%), 
Ca(2.5 atom%), Mg(2 atom%), and Al(l atom%) by the sol-gel method described for 
Example 1 . In the first step of their preparation, the substrates were cleaned by an 
organic solvent (usually methanol or chloroform), then etched by boiling them for at 
1 0 least 30 minutes in fuming 50% (9M) sulfuric acid at 240''C. After being cooled to 
ambient temperature, the slides were washed with de-ionized water and dried in a 
stream of air. Then, the same organotitanate coating solution described in Example 1 
was applied onto the surface (0.04 ml per 3.75x2.5x1 mm slide) which was spun, as 
described for Example 1 . The coated glass substrates, were calcined usually at a 
1 5 temperature of 400 °C, thus producing clear and homogeneous films, denoted as GE 
films. For comparison, Ti02 films on non-etched glass slides, denoted as GN, and 
Ti02 films on etched and on non-etched silica (denoted SE, SN respectively) were 
produced in the same manner. Thicker films were produced either by applying a first 
layer of the titanate precursor solution, oven drying (90 °C, 10 minutes), applying a 
20 second layer and calcination or by repeating the smgle layer preparation process. The 
former class is denoted as (2), whereas the latter is denoted as (1+1). 

All films, whether GE, GN, SE, or SN withstood the abrasion tests 
described in Example 1 . A ratio of BET (Brunauer-Emmett-Teller) to geometrical 
surfece area of approximately 20 was determined for the Ti02 coated glass slides by N2 
25 BET adsorption isotherms, using a Micromeritics AccuSorb system. Characterization 
of the films, i.e. UV, TEM and profilometry measurements were performed as described 
in Example 1 . Figure 2 shows the UV absorption spectra of clear Ti02 films on etched 
glass (dashed line) and on non-etched glass (solid line), the latter being blue shifted by 
4-5 nm with respect to the foraier. As seen below, the difference between the spectra of 
30 fihns on etched glass (GN type) may have resulted of the GN type films not having the 
anatase phase or of smaller crystalline domains in the GN type films. "Plan view" TEM 
images of the Ti02 films, detached firom their substrates in the same manner as 
described in Example 1 , revealed a distinct difference between type GE and type GN 
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films. Type GE films were found to be identical to the SN films described in Example 1 
(i.e. consisted of segmented nanocrystallites having the anatase phase) whereas the type 
GN fibns were typical for materials having no long range order, with a difiused ring in 
their selected area diffraction pattern coiresponding to an inteiplanar distance of 2 6 -3 6 
A. 

The compositions of the sipported fihns, as well as of the glass 
substrates, were measured by x-ray photoelectron spectroscopy (VG-ESCALAB). To 
obtain depth profiles, the samples were sputtered with an argon gun (Varian 981-2043, 3 
kV, 25 mA) and re-measured. The estimated sputtering rate was 0. 1 5 ran min.-l . For 
these measurements, the samples wer« cut into 8 mm x 8 mm slides, that were attadied 
to their pedestals by a conducting adhesive tape to reduce charging during the sputtering 
process. 

Table 3 presents the percentage of sodium atoms in various Ti02 clear 
fihns on soda lime glass, and in glass sKdes, some pre-etched, some non-etched and 
some calcined after being etched, as deduced fiom the XPS measurements. These 
values are based on the area of the sodium and oxygen IS peaks takmg sensitivity 
factors (s^l of 2.51 and 0.63, respectively, and on the area of the 2P doublet (2P3/2 + 
2P1/2) peak of titanium, taking a sensitivity fector of 1.59. Whenever silicon was 
found, for example in the glass samples or after prolonged sputtering of the Ti02 
samples, its atomic fi-action was calculated from its 2P peak (sfK).17). No constituents 
apart from titanium, oxygen, and sodium were found in the Ti02 fihns. 
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Atomic percentage (%) of sodium measured by XPS, in soda lime glass and in clear films of ' 
TiO} on soda lime glass. 

5 

A high atomic fraction of sodium was measured not only at the interface 
between the Ti02 and the glass but also at the air interface. The concentration of 
sodium at the air interface was actually higher than in the bulk of the fihns. Evidently, 
the sodium diffusion length exceeded the film thickness and sodium segregated at the 

1 0 surface of the titanium dioxide film. The effect of etching the glass prior to coating with 
the Ti02 precursor on the sodium concentration at the Ti02 film surface is evident, the 
atomic percentage of sodium in the GE films bemg 2-3 times lower than that in the GN 
films. In the GN films the atomic percentage of sodium exceeded that in the bulk of the 
soda lime glass (10 atom%), showing that the film was not only contaminated with 

1 5 sodium, but actually extracted sodium from the glass. The amount of sodixmi in the 

thicker photocatalyst films made by applying two layers of the organo-titanate precursor 
and then calcining, was only slightly smaller than in films made of one layer. A high 
atomic percentage (7.5%) of sodium was foimd on the glass surface after it was etched 
and calcined. Nevertheless, the fraction of sodium at the sur&ce of the non*etched but 

20 calcined glass was far higher (3 5%). Thus, the pre-etching of the glass prior to 

application and calcming the photocatalyst precursor fiihn caused effective blocking of 
sodium migration into the photocatalyst film. 
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The photoefBciency of the photocatalytic stearic acid stripping process, 
as defined inExample 1. was between 5x10-3 and 12x10-3 for the GE slides iUumit^ 
with the UVAlightwhereasfortheTiOzfilmsmadeonnon^tched glass (the 
films)itwasatleast7timesless. The photoefficiency results obtained for a batch 
coatainingnsUdes, half of which^^GE type while the other half were GNtjp^ 

givenas an exainp,einTabIe4.InTable2theaveragephotoefficiendes obtained for 
Tt02 clear fihns on fused silica, on glass etched by H2SO4 prior to coating ^th the 

titamumprecursor, and onnon-treated glass arepresented. Each valueli^ 
represents an average for more than 25 samples. For soda lime glass substxate^^ 
difference in the photoactivity was found between GE tj^e and GN tj^ samples the 
latter being several times less efficient than the former. Tliis diffe^nce was greater for 

excitation upon 365 mnphotonsthanby254mnphotons.Incontrast to the observed 
difference in efficiency between fihns on etched and on non-etched glass, etching did 

not mcrease or reduce thephotoactivity when the fihm were coated on fused s^^^ 

TABLE 4 
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The dependence of the efficiency of clear films of titanium dioxide on 
the calcination temperature is seen in Figure 4, In etched glass type (GE) fihns on soda 
lime glass, the efficiency decreased when the calcination temperature exceeded 450®C 
(B,C), whereas on fused silica no decrease in efficiency was observed at higher 
5 calcination temperatures (A). The absence of loss of efficiency in silica-supported fibns 
indicated that the cause of loss in the photoactivity was not sintering, leading to lower 
surface area. The results obtained with 254 mn light were similar, but the decrease m 
photoactivity of Ti02 oh soda lime glass upon calcination at elevated temperatiires was 
less pronounced. 

1 0 The effect of the duration of the etching in sulfiiric acid at 240°C on the 

365 and 254 nm photoefficiencies is seen in Figure 5. While etching for 10 minutes 
sufficed to produce a film which was highly photoactive under 254 nm light (filled 
circles), more than 45 minutes of etching were needed for best activity imder 365 nm 
Ugbt (open circles). 

15 
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Table 5: Photoefficiency of TiOj films, expressed as the number of C-H bonds in a steric acid film consumed per 

20 impinging photon. 

a-Dipping in NaNOj (1 M, 10 minutes, 20"C). 
b-Dipping in KaOH (1 M, 10 minutes, 20^C). 

c-Batch 4 obtained by washing batch 3 slides with methanol to remove stearic acid residues, immersion in 
' water and drying. 



wo 97/07069 

PCT/US96/12792 

. 22 

d-Dippmg in NaNO, (0^ H 10 minutes, 20^ 
c- Washing after calcination 
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calcined, the efficiency was only 60% of the efficiency of clear fihns made of 7 
precursor layers without NaNOs (Table 5, batch 5). 

To probe the effect of a second calcination, two batches of slides was 
prepared. In one the first precursor layer was applied to the etched glass, oven dried (90 
5 oC, 10 min.), coated with a second layer, then calcined. These slides were termed 
GE(2). The second batch was made by repeated coating and calcination of an etched 
glass slide. These slides were termed GE(1+1). The absorption spectra of the two 
batches were identical, showing that the sizes of the crystallites, their phases and the 
thickness of the fikns did not differ. The GE(1+1) fibns, despite being calcinated twice, 
1 0 did not show lesser photoactivity than the GE(2) fikns. When the glass was etched, then 
calcined (GC type samples) and then overcoated with the Ti02 precursor and re- 
calcined the efficiency was only 20-40% of that of the standard 1 layer GE fihn. 

The XPS results show that sodium migrates from the soda lime glass 
substrate into the titanium dioxide layer during the calcination step. When the sodium 
1 S was extracted firom the surface of the soda lime glass, and when the extracted glass was 
overcoated with the organo-titanate precursor and calcined, tiien the sodium content in 
the titania films was significantly lower. Such lowering affected the titanium containing 
phase that formed and thereby the photocatalytic behavior. It is known fliat at 
temperatures below SSO^'C, the extraction of sodium firom glass is governed by an ion 
20 exchange mechanism and is limited by the rate of tiie diffusion of sodium ions rather 
than by the rate of diffusion of protons. If the process of etching would not introduce a 
change in the glass structure and if charge neutrality would be maintained only through 
protonation of the originally sodium occupied sites, i.e. if a "hydrogen glass" would 
have formed, than calcination at 400°C should have resulted in complete recovery firom 
25 the extraction, the Na"^ being redistributed simply because of the higher Na"*" diffusion 
coefficient at the calcination temperature of 400°C relative to that at the extraction 
temperature of 240**C (2x1 0"9 cm2 sec"! versus 2x10-11 cm^ sec'l respectively, for a 
soda lime glass of similar composition). However, if the extraction of sodium and the 
formation of a "hydrogen glass" were followed by loss of watwr, then a layer of denser 
30 glass, containing fewer ion exchanging Si-OH fimctions and less permeable to Na"^ ions 
would be formed. Formation of such a layer was proposed for dealkalization of soda 
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electropositive nature of Ti+4reIativPtnc;+4 , 
^is«p<3Me.By^„„,,,_,^,,,.^^^ 
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growth, and oxidation of organic residues take place. The sodium concentration in the 
titanium dioxide film was not related to its final concentration at the glass-titania 
interface, but to its concentration at this interface at the start of the calcination, when the 
unique sodium diffusion limiting layer was formed. Sodium extraction followed by a 
5 first calcination, then by coating with the Ti02 precursor and by a final calcination did 
not provide fihns as photoactive as those obtained ^en in the first calcination the Ti02 
precursor was already present. Therefore, dehydration and compacting of the glass 
accounted only for part of the sodium transport characteristics of the layer. The xmique 
sodium transport limiting characteristics are explained by reaction of the decomposing 
1 0 anatase Ti02 precursor and the dehydrating hydrogen glass, and/or by fast nucleation 
and growth at the interface between the glass and the Ti02 precursor layer. 

In the type GN fihns, in contrast with die type G£ films, there was no 
long range order. Earlier work has shown that titanium dioxide fihns on non etched 
soda lime glass were of brookite phase when formed by rapid heating of a film of a 
1 5 hydrolyzed titanium alkoxide precursor(>25**C/min), and that a Na20 xTi02 phase was 
formed when the temperature was raised sufficiently slowly to allow difiusion of the 
sodium ions firom the glass into the Ti02 layer. The absorption edge of Na20-xTi02 
was found to be shifted by 10-12 nm to shorter wavelengths relative to the edge of 
anatase, viiereas the absorption edge for the brookite structure was identical with that of 
20 anatase. tiie data did not reveal the existence of well defined phases in the GN films, 
possibly because a slowly polymerizing chelated precursor was used. Hence, sodium 
could diffuse into the nascent Ti02 film in amounts sufi&cient to prevent its 
crystallization. 

The photoefficiency invariably decreased when the Na"^ concentration 
25 increased ia the Ti02 fihns. Furthermore, the photoactive GE films lost efficiency 

when soaked in NaNOs and calcined at temperatures where the NaN03 decomposed to 
sodiimi oxide. The lesser efficiency of fihns on soda lime glass relative to films on 
fiised silica presented va Example 1 could have resulted either of the presence of non- 
anatase phases or the presence of sodium oxide at the air inter&ce, where it would have 
30 raised the local pH. In films on non etched glass the soditim fraction exceeded 10 
atom% and, as a result, formation of an ordered anatase, brookite or sodium titanate 
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Pha^ was inhibited. H^is reduced the efficiency practicaUy to nil for 365 nm 

illumination. -n.-, on etched glass there we« only c^e anatase domains 
even t^'^^^"^ 4.1.^* ji« ' 



I percentage was as high as 8%. 
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sodium with hot acids such as sulfuric acid. 

Example 3 

Preparation of clear photoactive films of titanium dioxide 
with enhanced photoactivity on soda lime glass 

Clear fflms of titanium dioxide were made on soda lime glass either with 
or ^thoutaddpre-treatment (types GE and GNrespectiveWasde^db^ 
2. FoUowingtheircalcination.thesampleswerepost-treatedwithdUutemtric^^^ 



wo 97/07069 PCTAJS96/12792 

27 

usually by soaking them in 0.2 M HNO3 for 15 minutes at 22 ± 3T, then washed with 
water to remove acid residues. 

In Table 3 the effect of post-treatment on the atomic percentage of 
sodium is presented. The atomic percentage of sodium in all films (GE(1), GN(1), 

5 GE(2), GN(2) as defined in Example 2) was reduced significantly by the post treatment. 
For example, firom 8.4% to 3.2% at the surface of a titanium dioxide film on etched 
glass and from 21 .5% to 2% at a the surface of a Ti02 fihn on non-etched glass, 
manifesting the replacement of sodium ions in the films by protons from the acid. 

Table 6 presents the efficiency (as defined in Example 1) measured for a 

10 batch of slides containing GN and GE slides, with and without post -treatment, upon 

illumination with the UVA source. In Table 6, pretreatment means boiling the uncoated 
glass in 9M sulfuric acid for 30 minutes, "without water wash" means that the slide was 
dried with a residue of nitric acid. "With water wash" means that any residual nitric 
acid was removed by washing with de-ionized water. The average efficiencies of slides 

1 S with a post-treatment versus the average efficiencies without such a treatment are 

presented in Table 7. In Table 7, "treated with HNO3 " means soaked in HNO3 0.2 M 
for 15 minutes, followed by a water wash. 







^Post-tfea^mcnt ^ 

^^^^^^r ' ''' 


. PhQtoefficien<^Jj%3 
|w4i|i|^:waterlwkh 


Photocfficicnc5^(%) | 


656 


yes 


yes 


14.7x10"* 


10.15x10*' 1 


1 657 


yes 


yes 


14.0 xlOr* • 


11.9 xlO'' 


658 


yes 


no 


9.1x10*' 


735x10-' 


659 


yes 


no 


7.0x lO"^ 


735x10"' 


662 


no 


no 


1.05x10*' 


1.05 xicr' 


663 


DO 


no 


0.35 X 10*' 


035 X 10'' 


666 


no 


yes 


3.85x10' 


2.1 xlO*' 


667 


no 


yes 


3.15x10"* 


1.75x10"* 
===== 
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substrate , 


1 -fontreatea : 


- feeateaivith i 








ip, . >"> 


treated mtij"- 


y-giass X^ 


. 0.945x10'^ 


2.31 X 10'^ 


r 

12.95 X 10*^ 


17.85x10-^ 




8.4x10'^ 


9.8x10"^ 


56x10-^ 


64.4x10"^ 



HN03p«.tt«l«n.siBnMcanUykc,ea^a»pl„«,^ei«!y„W 
«*'d8l~(GNc^,,,02a«a,tt„ughftei,ph„,„effici=.c,,«ai^^ 

™llertaa^„fftes.=„««,„edBhss(0E)r,02flto, bOBwefitatte 
I»)«l's smfiM during Ibe calciMBcm process. 
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T102/quartz 




Phbtaefficiencv-reiv 


b 


TiOj/quartz 


untreated 
untreated 


14,7 xlO-' 
11.9 xlO-' 


c 
d 


TiOj/quartz 


soaking in HNOjO^M 
ISmin.) 


12.6 xIO-^ 




riOa/quaitz 


soaking in HNO3 02 M 
_(22'^lSmm.^ | 


10.85x10"^ 
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hydrochloric acid does not complex the four valent titanium ion. The rate of 
dissolution of the photoactive fihn in nitric acid was consequently much slower than its 
rate of dissolution in sulfuric or hydrochloric acid at the same normalities. Within this 
context, it is noteworthy that GE fikns were more resistant to soaking in concentrated 

S acids than the GNfihns. 

Soaking of the Ti02 films in dilute acids (like HNO3) reduced the 
concentration of sodium near the surface and improved the efficiency by exchanging 
sodiimi ions with protons without degrading the mechanical properties of the Ti02 
films. The photoefSciency increased particularly in type ON films. Although such 

1 0 soaking was not an adequate substitute for etching the glass prior to the application of 
the titania precursor, it was an appropriate finishing step for the process of forming a 
photocatalytic film on soda lime glass. 



Example 4 

15 Preparation of clear photoactive films of titanium dioxide 

on soda lime glass from coating solutions having controlled viscosities 

The coating solution prepared in the manner described in Example 1 , 
(denoted as "Ti" solution in this example) was mixed with various non-interacting 
20 organic solvents such as hexane, methylene chloride, chlorofomi, thus obtaining coating 
solutions, their viscosities depending upon the volumetric ratio between the coating 
solution and the non-interacting solvent. For comparison, fihns made from the "Ti" 
solution, as well as fi-om a mixture of the "Ti" solution with methanol which may 
interact, like other alcohols, with the titanium dioxide precursor, were prepared. The 

25 mixed solutions were spread on acid - etched glass substrates (40 ml per 3.75x2.5 cm) 
which were spun, after the application, inN2 environment, for 2 minutes at 1000, 2500 
or 4000 rpm to dryness. The slides were then calcined at 400°C for 35 minutes, in air. 
Clear, homogenous, well adhered fihns, were obtained. 

The photoeflBciency of the various types of slides was measured 

30 sunultaneously. The results are presented in Table 9. For spin coating at 1000 rpm, 

there was practically no adverse effect on the efficiency following coating by solutions 
coiitaining a "Ti" / non-interacting solvents mixtures, despite the lower amount of Ti02 
in these films, due to the reduced viscosity of the coating solution. For spin coating at 
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2500 ipm, films made of Ti / non-ktemcting solvents 
eflSciency of films made of the "Ti" solutions, when 



solutions had 30% - 45% of the 
illuminated with 365 nm light, and 



app.m- 100% wheaillun^^th254tnnlight.Incon^theefficiency 
measut«iwith365nmlight.ofTi02filn.madeoftheTi/, 



6% of that of the regular GE fihn when coated at 2500 



1000 ipm. 



methanol solution was only 
rpm and 62% when coated at 









Slic 
1 No 


CoaiiHjg Soiuticffl 


L ' Solution 
, Viscosity 


' "Spinnmg;' 
Hate 
(rpm) 


. . f. /loxJiDancci 
1 atJOOnm'^ 


U iEfficieni^^ 
I at254nm' 

f ' 


^ Efficiency 


155 


1 Ti/CH2Cl2{l:l) 


0.82 


1000 


0.94 


66.9x10-3 


10.9x10-3 


155: 


^ Ti/hexane(I:l) 


0 Sft 

VcOO 


1000 


0.88 


81.9x10-3 


10.2x10-3 


1553 


Ti/Chlorofonn 
(1:1) 


1.16 


1000 


0.82 


70.7x10-3 


8.4x1 0"3 


1554 


Ti/metfaanol 
0:1) 


1.16 


lOOO 


0.58 


64.1x10-3 


6.1xl0"3 


1555 


Ti 


2.34 


1 AAA 


1.09 


80.2x10-3 


9.8x10-3 


1566 


Ti/n-propanol 
(1:1) 


1.96 


1000 


0.57 


60.9x10-3 


7.4x10-3 


1559 


Ti/teethanol 
(1:1) 


1.16 


2500 j 


0.50 


43.1x10-3 


0.7x10-3 


1560 


Ti/CH2CJ2 (1:1) 


0.82 


2500 1 


0.63 [ 


66.2x10-3 


4.2x10-3 1 


156] 


Ti/hexane (1:1) 


0.88 


2500 1 


0.62 


64.4x10-3 


5.3x10-3 1 


1562 


Ti/Chlorofonn 

(1:1) 


1.16 


2500 J 


0.58 T 


62.7x10-3 


3.5x10-3 


1563 


Ti/n-propanol 
(1:1) 


L96 


2500 1 


0.49 j 


43.8x10-3 


5.1x10-3 1 


1564 


Ti 


2.34 


2500 1 


0.71 1 


65.1x10-3 


11.9x10-3 1 
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It can be concluded that photoactive clear and homogenous films can be 
formed on glass by means of dilutmg the coating solution with solvents that do not 
interact with the titanium dioxide precursor and that this method is especially viable for 
5 cases in which relatively low rates of spinning are required. 

Examples 

Preparation of clear photoactive fihns of titanium dioxide 
on soda lime glass by dip-coating 

10 

Coating solutions of controlled viscosities, prepared in the maimer 
described in example 4, were used to produce clear, photoactive and homogeneous films 
of Ti02 on glass. For that, coming 2947 soda lime glass slides, 7.5x2.5x0.1 cm in size, 
were etched as described in example 2, connected to a speed controlled elevator and dip 

15 coated with an up*stroke speeds ranging between 0.5 cm min"^ and 4.3 cm min~^. The 
Ti02 precursor coated films were than calcmed at 400 - 450 ®C for 35 minutes. A clear, 
homogeneous, well adhered fihn of Ti02, was obtziined. Best results, in temfis of clarity 
and homogeneity, were obtained by performing the process under N2 atmosphere, 
enriched with the solvents* vapor. The photoefficiencies of several dip-coated fihns, as 

20 measured by the stearic acid test described in example 1 , are presented in table 1 0. 

A comparison between the photoef&ciency of the dip - coated films 
(table 10) and films of similar thickness made by spin coating (Table 2) reveals that the 
efficiency of the dip-coated fihns was not inferior to that of the spin-coated films, thus 
enabling large scale implementation. 
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where the water to titanium ratio 



wasapp. 4:1 



uff represents a coating solution 



Example 6 



<<«li sodiim amaion UnMiig hycr 
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1 (denoted as "overlayer"), was applied by spin coating as described therein. The slides 
were then calcined at 4S0°C for 30 minutes to produce clear films comprised of a silica 
layer (denoted as "mderlayer") between the glass substrate and the photoefficient 
titanium dioxide overlayer. Glass slides coated with a fihn containing a first layer of 

S zirconia and a second, photoactive layer of titania were obtained in the same manner. 
Here, the zirconia coating solution was made of zirconium tetra n-propoxide (Aldrich 
33,397 -2, 70% in 1-propanol) with the same molar ratios between zirconium, acac, 
water and propanol as described for the titania precursor coating solution in Example 1 . 
No post-treatment with nitric acid was used. 

10 The efficiency of the slides was measured m the manner described in 

Example 1 . For comparison, films containing one and two layers of Ti02 on glass, were 
made fi:om the same batch of etched glass slides and with the same Ti02 precursor 
coating solution. The efficiency of these slides was measured simultaneously with that 
of the glass-silica-titania fihns. As shown in Table 1 1, the efQciency of the two layered 

1 5 structure, containing a silica underlayer and Ti02 ovorlayer, was higher than that of a 

single layer of titanium dioxide by a factor of between 1.4 and 2.0, but less than that of a 
film containing two layers of Ti02. 



'Slide No, - 


Structure' " , , ' 


Photoefficiency 


701 


1 layer of Ti02 on soda lime glass 


3.5x10" 


706 


1 layer of Ti02 on soda lime glass 


5.6x10' 


709 


1 layer of TiOj on a silica 
imderlayer applied on soda lime 

glass 


8.75 X 10"' 


710 


1 layer of Ti02 on a silica 
miderlayer applied on soda lime 
glass 


10.85 X 10" . 


699 


2 layers of Ti02 on soda lime glass 


14.35 X 10'' 


712 


2 layers of Ti02 on soda lime glass 


12.95 X 10' 


713 


2 layers of TiOj on soda lime glass 


12.6x10" 



20 A two-layered structure, consisting of a zirconia underlayer and one Ti02 

overlayer coated on glass, had higher efficiency than that of a glass coated with a single 
fihn of Ti02, when made at calculation temperatures higher than 500°C, where the 
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m^<« of .cKtt™ to *^ r,0. am is to H, .ffl^ 

Example? 

Atayer»mpos«iofa™x.„,eofl10,,„dSiO,(l:l,„«,b,^„^ 

2.43 nj of tete^^d. (Aldrich 23^74-1. 9«4 ta p^panol, <tai.y:0.916 gr. 
cm ). Ate.etog«„p«^„h^^,^_^^^l^^^___^ 

««mgl.0Moftamix«ip,ccw»,soI«io„^,.8^<„,^^^ 
sol«i^O:,0v/v). ■n»co«i^«oWon«sta.p^,y,pi„^^,,,„^ 
» H,SO, etehed glass dido, (40 ,1 p„ 3.75 . 2.5 cm sUde) and on non^ed 
^«^.per2.5x2.5cmsad.,. nesadcsv™to„dd.di„anova.a. 
100 C fe, 10 nunntt. On pan of slid«. a «c„„d layer, consisting of 4c TiO, 
^ coating in U,c same manner 

d=scd«dinEx.mpl«U. For reference, several .ttccchcd glass and f«dsiHca 
slides were coaled with two layers of the s.m,Trn „ 

'''™°'"'=™'cTiO, precursor coating sohtfonwifliout 

b«ng coated withthemixedunderlayer. AH slides were ti»ncdcin«i« 450^ for 30 

nnm-estoprodace clear, well adl^redfllms. Nojost-trMm^^a,^,^,^ 

used 



Tleeffici=ncyofti,esUdes„.s»easuredi.tl,eman„erdesc,ibedM 
Example 1. nefUmsmadeoftheTitVSio,mi«„^„^yi^^ „^ 

films consisting ofaTiO^oyerlayer on aninacti^undertayer consisting ofTiCVSiO,' 

were found toebe.™^ 50% andlOO%moreeiBcie.,tbanfUmsmade Of one layer of 
TiOj. regaidless of the substrate (Table 12). 
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Table 12 



^^^^^ 




vliv-' ' Sttucture ^/'^ '-y ; 


' EE&ciratcy 


A 


Fused Silica 


Mixed SiOa/TiOj (1:1) layer 


0.3x10"' 


B 


Fused Silica 


Mixed SiOj/TiOj (1 : 1) layer 


1.7x10" 


C 


Fused Silica 


One layer ofli02 on a mixed 
Si02/Ti02(l:l) layer 


13.7x10"' 


D 


Fused Silica 


One layer of Ti02 on a mixed 
SiOj/TiOj (1:1) layer 


16.1 x 10' 


E 


Fused Silica 


One layer of Ti02 


4.9 x 10'' 


F 


Fused Silica 


One layer of Ti02 


9.0x10" 


G 


Fused Silica 


Two layers of Ti02 


13.1 X 10" 


H 


Fused Silica 


Two layers of Ti02 


17.2x10" 


684 


Etdied Glass 


Mixed SiOj/TiOj (1:1) layer 


0.0x10" 


685 


Etdied Glass 


Mixed Si02/Ti02 (1:1) layer 


0.0x10" 


1711 


Etched Glass 


One layer of Ti02 on a mixed 
SiOj/TiOz (1:1) layer 


16.6x10" 


1712 


Etched Glass 


One layer of Ti02 on a mixed 
SiOj/TiOz (1:1) layer 


16.7x10" 


1701 


Etched Glass 


One layer of TiOj 


8.6x10" 


1702 


Etched Glass 


One layer of Ti02 


8.6x10" 


1707 


Etched Glass 


Two layers of Ti02 


18.7 X 10" 


1708 


Etched Glass 


Two layers of Ti02 


17.4x10" 



Table 12: The photoefficiencies of films composed of one Ti02 layer on a silica/ 
titania underlayer in comparison to films made of one Ti02 layer, two 
5 Ti02 layers, and a mixture of TiO2/Si02. 
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We claim: 



1. ApnmsforthenmufectureofselMeamngglass.comri^^ 

applying to glass a photocatalyst precursor composition to form a 
photocatalyst^ontaining film; and 

impeding migration of alkali metal ions or alkaU metal oxide from the 
glass mto the photocatalyst precursor or fihn. 

2. Aprocess for themanufecture of self-cleaning glass, comprising: 

' 'PP'^^^^°^^^^b^^^.«aidbanierpreventingorsIo^vingmig..tion 
of alkah metal ions or alkali metal oxide from the glass; and 

forming on said barrier aphotocatalyst^ntaining fihn. 

3. A process for the manufacture of self-cleaning glass, comprising: 

applying to an etched, acid glass a photocatalyst precursor composition, 
to form a photocatalyst-containing fihn. 

4. A process for the manufacture of selfw:leaning glass, comprising: 

applying to glass a fihn formed of a precursor of TiO, and a precursor of 

an oxide ofa3.4.or5-valent element, whichoxide is solid at.aboutSOO-C; and 
forming on said fihn aphotocatalyst-containing film. 

5. Aprocessforthemanufectureofself.cleaningglass.comprising: 

applying to an acid glass a first fihn, the first fihn formed from a 

precursorofanoxideofa3.4.or5-val«.telement,^erein^e element istitanium. 
z«comum. tungsten, tin, silicon, orcombmation thereof; and 

forming on said first fihn a photocatalyst-containing second fihn. 

6. Aprocess for the manufacture of self-cleaning glass, comprismg: 

'PP'^^^^^^'^e^^^^filn'comprisingareactionproductofthe 

lassand ^P-ursor of a 3,, or 5-v.ent form of titanium, ionium, tungsten, 
tin, silicon, or combination thereof, and 
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fonning on said barrier a photocatalyst-containing film. 

7. A process for the manufacture of self-cleaning glass, comprising: 
treating glass to form acid glass; 
5 applying a photocatalyst-precursor to the acid glass to form a coated 

glass; 

calcining the coated glass to form a photocatalytically active, self- 
cleaning glass. 

10 8. A process according to any of claims 1-7, wherein said photocatalyst comprises 
a photoconductor or semiconductor with a band gap in the range of 2.5 eV to 4.5 eV. 

9. The process according to any of claims 1-7, wherein said photocatalyst 
comprises titanium, zkconium, tungsten, tin, or molybdenum. 

15 

10. A process according to any of claims 1 -7, wherein said photocatalyst comprises 
. titanium dioxide. 

11. A process according to claim 1 0, wherein at least a portion of said titanium 
20 dioxide is in anatase phase. 

12. The process of any of claims 1-6, fiirther comprising the step of: 

calcining the photocatalyst film-coated glass to form a photocatalytically 
active, self-cleaning glass. 

25 

13. A process according to any of claims 1-7, wherein said glass comprises soda 
lime glass. 

1 4. A process according to claim 6, wherein said precursor comprises a precursor of 
30 titanium dioxide. 
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15- Apn,cessacxordii.gtoclaim6.>vheteinsmdi«cuBorcomp^ 
zirconium dioxide. 



16. Apiocessaccordingtoclaim6,whereinsaidprecursorcomprisesaprec^^^ 
silicon dioxide. 



1 7. A self-cleaning glass comprising: 

a glass; 

a photocatalyst-containing film fonned on the glass &om a photocatalyst 

precursor; and 

a barrier impeding migration of alkali metal ions or alkali metal oxides 
into the photocatalyst precursor or film. 

18. A self-cleaning glass comprising: 

a glass; 

a photocatalyst-containing fibn formed on the glass by add etching the 
glass and applying to the acid glass a photocatalyst precursor. 

19. A self-cleaning glass comprising: 

a glass; 

afirstfihn formed on the glass ofaprecuisorofTiOaandaprecursor of 
an oxide of 3. 4. or S-valent element, which oxide is solid at about 300°C; and 

a photocatalyst-containing second fihn formed on the first film. 

20. A self-cleaning glass comprismg: 

a glass; 

a first film formed on the glass of a precursor of an oxide of a 3, 4, or 5- 
valent element, wherein the element comprises titanium, zirconimn. tungsten, tin.' 
silicon, or combination thereof; and 

a photocatalyst-containing second fihn formed on the first fihn. 
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21 . A self-cleaning glass according to any of claims 17-20, wherein said 
photocatalyst comprises a photoconductor or semiconductor with a band in the 
range of2.5eV to 4.5 eV. 

5 22. A self-cleaning glass according to any of claims 17-20, wherein said 
photocatalyst comprises titanium, zirconium, tungsten, tin, or molybdenum. 

23. A self-cleaning glass according to any of claims 17-20, wherein said 
photocatalyst comprises titanium dioxide. 

10 

24. A self-cleaning glass according to claim 23, wherein at least a portion of said 
titanium dioxide is in anatase phase. 

25. A self-cleaning glass according to any of claims 1 7-20, wherein said 

1 5 photocatalyst precursor is calcined on the glass to form a photocatalytically active, self- 
cleaning glass. 

26. A self-cleaning glass according to any of claims 17-20, wherein said glass* 
comprises soda lime glass. 

20 

27. A self-cleaning glass according to any of claims 1 9-20, wherein said precursor 
of the 3, 4, or 5-valent element oxide comprises a precursor of zirconium dioxide. 

28. A self-cleaning glass according to any of claims 1 9-20, wherein said precursor 
25 of the 3, 4, or 5-valent element oxide comprises a precursor of silicon dioxide. 

29. A self-cleaning glass according to any of claims 17-20, wherein said 
photocatalyst precursor comprises titanium tetraalkoxide. 

30 30. A self-cleaiiing glass according to any of claims 17-20, wherein said 
photocatalyst precursor comprises a complex of titanium tetraalkoxide with 
acetylacetone. 
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A self-cleaning glass according to claim 17, wherein said barrier comrises a 
ion product of the glass and the photocatalyst precursor, the glass being etched to 
an acid glass prior to the reaction with the precursor. 
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